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The present study, carried out to identify stress-modulated calmodulin (CaM)-binding proteins in
sorghum, resulted in the isolation of several proteins, which showed binding to CaM-Sepharose
matrix. Calmodulin gel overlay assay and MALDI-ToF MS analysis revealed that an 85 kDa protein
(Hsp85), which interacted with calmodulin, cross-reacted with anti-N. crassa Hsp80 antibodies.
Since these antibodies bind to plant Hsp90, sorghum Hsp85 is likely to be a member of the Hsp90
family. This study provides the ﬁrst evidence that a member of Hsp90 (Hsp85) in plants exhibits
CaM-binding properties.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Plants respond to different biotic and abiotic stresses through
change in biochemical activities and gene expression. The
information about the perceived stimulus to the cellular
machinery responsible for mediating the response is conveyed
through various small molecules (Ca2+, cyclic nucleotides, sugar,
amino acids, etc.). One of the most important secondary
messengers in eukaryotes is Ca2+, which has been demonstrated
to play an important role in different signal transduction path-
ways [1]. Imposition of different stress conditions results in
changes in cytosolic free Ca2+ levels. The transient changes in
free Ca2+ level are detected by various Ca2+ sensors. Calmodulin
(CaM) is the primary transducer of cytosolic Ca2+ changes in all
eukaryotes and the active form of CaM (Ca2++ bonded) regulates
the activity of diverse range of calmodulin-binding proteins
(CaMBPs) [2].
Recent studies demonstrate that the number of CaMBPs in
Arabidopsis thaliana can be up to several hundred. Some of
the CaMBPs are plant speciﬁc [3], whereas some are common
to other organisms also but are regulated by CaM only in
plants. Several CaMBPs are regulated by different abiotic stres-
ses viz. salt [4,5], osmotic [6], heat [7], oxidative stress [8] andchemical Societies. Published by E
.xenobiotic compounds [9] thus suggesting that these proteins
may have an important role in abiotic stress adaptation. Most
of the information on CaMBPs in plants has been generated in
A. thaliana and study on this important class of proteins in
cereals is, however, scanty. We are, therefore, carrying out
studies to identify different CaMBPs and their modulation by
abiotic stresses in the young seedlings of sorghum, which is
an agriculturally important crop of drought and heat prone
areas [10].
Since the primary sequence of the CaM-binding domain (CBD)
is not conserved in different CaMBPs [1], therefore, the only way
to identify these proteins is through functional interactions with
CaM. Therefore, in the present study the proteins were puriﬁed
from sorghum seedlings by CaM-Sepharose afﬁnity matrix and
analyzed by MALDI-ToF MS after 2D gel electrophoresis. One of
the proteins corresponding to 85 kDa (±2 kDa) showed homology
to Hsp90 and is, therefore, referred as Hsp85. Immunoblot anal-
ysis conﬁrmed the cross-reactivity of this protein to anti-Hsp80
antibodies of Neurospora crassa, which are known to cross-react
with plant Hsp90 members [11,12], thus validating the identity
of this protein as a member of Hsp90 protein family. To our
knowledge these results provide the ﬁrst evidence that a mem-
ber of Hsp90 protein family in plants (Hsp85) binds to calmodu-
lin. Further, it is also observed that Hsp85 accumulation is
enhanced in response to thermal stress, thus signifying its role
in heat stress adaptation.lsevier B.V. All rights reserved.
768 A.S. Virdi et al. / FEBS Letters 583 (2009) 767–7702. Materials and methods
2.1. Seed germination
The seeds of sorghum (Sorghum bicolor L. Moench) cultivar
GK908 were surface sterilized with 1% (m/v) mercuric chloride
and 70% ethanol followed by washing with autoclaved double dis-
tilled water (ADDW). Seeds were imbibed for 12 h at 37 C and pla-
ted on cotton bed for germination in an incubator at 37 C. After
24 h of plating, the seeds were subjected to heat stress by incubat-
ing the plates at 45 C for 8 h, whereas the control seeds were incu-
bated at 37 C. The embryos were harvested and stored in liquid
nitrogen till further analysis.
2.2. Protein extraction
Five grams of tissue was powdered in liquid nitrogen with mor-
tar and pestle. The tissue powder was transferred to autoclaved
pre-chilled oakridge tubes and 25 ml of ice-chilled extraction buf-
fer (50 mM Tris–HCl pH 7.5, 0.05% Triton X-100, 2 mM DTT, 20 lM
Leupeptin, 20 lg/ml Pepstatin A, 50 lg/ml TPCK, 0.2 mM PMSF)
was added. Total protein was estimated according to Bradford’s
method [13] using different concentrations of bovine serum albu-
min (Sigma Aldrich, USA) as a standard.
2.3. Calmodulin-Sepharose 4B afﬁnity chromatography
Calmodulin-Sepharose 4B matrix (GE Healthcare, Uppsala, Swe-
den) was packed in a cooling jacket column XK 16/20 (GE Health-
care, Uppsala, Sweden). The whole experiment was performed at
4 C. Calmodulin-Sepharose 4B matrix was washed with three-
bed volumes of equilibration buffer (50 mM Tris–HCl pH 7.5,
200 mM NaCl, 2 mM CaCl2, 2 mM DTT). 200 mg of total crude pro-
teins were passed through the column at a ﬂow rate of 200 ll/
min during binding. Column was extensively washed with equili-
bration buffer (ﬁve bed volumes) at a ﬂow rate of 400 ll/min, until
the absorbance of ﬂow through reached zero at 280 nm. CaMBPs
were eluted with elution buffer (50 mM Tris–HCl pH 7.5, 200 mM
NaCl, 10 mM EGTA, 2 mM DTT, 0.2 mM PMSF) and dialyzed against
10 mM Tris–HCl (pH 7.5) containing 0.2 mM PMSF for 24 h at 4 C.
Proteins were concentrated by dialysis against 50% glycerol and
estimated by Bradford’s method [13]. For identiﬁcation of non-spe-
ciﬁcally bound proteins, the protein extract was also passed
through cyanogen bromide-activated Sepharose 4B in the presence
of Ca2+ and through CaM-Sepharose 4B in the absence of Ca2+.
2.4. Two-dimensional gel electrophoresis of calmodulin-binding
proteins
2.4.1. Sample preparation
Calmodulin-binding proteins were precipitated with 20% tri-
chloroacetic acid/acetone, and mixed with protein solution by slow
agitation followed by incubation at 20 C for 1 h [14]. The precip-
itated proteins were centrifuged at 10000 rpm for 10 min at 4 C.
Supernatant was decanted and the pellet was washed thrice with
100% acetone containing 0.07% b-mercaptoethanol. Pellet was air
dried and dissolved in 200 ll solubilization buffer (5 mM Tris–
HCL pH 7.5, 8 M Urea, 2% NP-40, 2% CHAPS, 2% AmpholineTM pH
3.5–10, (GE Healthcare, Uppsala, Sweden), 0.2 mM PMSF, 50 mM
DTT, 20 lM Leupeptin, 20 lg/ml Pepstatin A, 50 lg/ml TPCK).
Protein content was estimated as described [13].
2.4.2. Two-dimensional PAGE of calmodulin-binding proteins
Two-dimensional gel electrophoresis was performed according
to O’Farrell [15]. Brieﬂy 5% polyacrylamide gel containing (5%acrylamide/bisacrylamide, 8 M Urea, 2% CHAPS, 2% NP-40, 2%
AmpholineTM 3.5–10.0, 50 mM DTT, 0.1% APS, 0.1% TEMED) was
prepared in tubes (120  5 mm) for isoelectric focusing (IEF).
Tubes were placed in tube gel electrophoresis apparatus (GT1,
Hoefer Pharmacia Biotech Inc., San Francisco CA, USA) and lower
and upper tanks were ﬁlled with 10 mM orthophosphoric acid
and 20 mM NaOH buffer, respectively. Gels were overlaid with
50 ll of gel overlaying buffer (8 M Urea). IEF gels were pre-run at
200 V for 15 min, 300 V for 30 min, 400 V for 30 min and then
power supply was switched off. Upper tank buffer was decanted
and the upper surfaces of gels were brieﬂy washed with ADDW.
Sample proteins (150 lg) were mixed in sample buffer (8 M
Urea, 2% CHAPS, 2% NP-40, 2% AmpholineTM (3.5–10.0), 50 mM
DTT, Glycerol 2%) in 1:1 ratio and loaded on top of the gel after a
brief spin at 10,000 rpm at 10 C. Sample was overlaid with 50 ll
of gel overlaying buffer (8 M Urea). Isoelectric focusing was per-
formed at 400 V for 14 h followed by 800 V for 1 h. After electro-
phoresis the tube gels were dipped in 20 ml equilibration buffer
[50 mM Tris–HCl (pH 6.8), 2% SDS, 10% Glycerol, 5% b-mercap-
toethanol, 8 M Urea, Bromophenol blue] for 20 min and transferred
to slab SDS–PAGE gel before overlaying with low melting point
agarose. The separation in the second dimension was performed
in polyacrylamide gel of 11% T and 2.6% C at constant current of
30 mA for 3 h and then transferred to ﬁxing solution containing
50% methanol and 10% acetic acid (v/v) for overnight. The gels
were stained with ProteoSilverTM Plus Silver staining kit (Sigma Al-
drich, USA).
2.5. Calmodulin gel overlay assay
Calmodulin-afﬁnity puriﬁed proteins were separated on SDS–
PAGE gel [16] and transferred on to Hybond C membrane (GE
Healthcare, Uppsala, Sweden) at 0.8 mA/cm2 using TE 70 Semi-
dry western blotting apparatus (GE Healthcare, Uppsala, Sweden).
The membrane was incubated for 16 h at 4 C in renaturation buf-
fer [50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1% BSA (v/v), 1 mM
CaCl2, 0.01% Tween 20] for renaturation followed by washing twice
for 5 min each in binding buffer (50 mM Tris–HCl pH 7.5, 150 mM
NaCl, 1 mM CaCl2, 1% BSA). The membrane was probed with
1.50 lg of biotinylated CaM (Alexis Grünberg, Germany) at 4 C
for overnight in binding buffer. After washing thrice for 10 min
each with renaturation buffer, the membrane was treated with
1 lg/ml of streptavidin–alkaline phosphatase conjugate (Sigma Al-
drich, USA) in 10 ml of binding buffer for 1 h. In control experi-
ments, CaCl2 was substituted with 5 mM EGTA. Bound CaM was
visualized by using NBT/BCIP (Sigma Aldrich, USA) as substrate
[17].
2.6. Mass spectrometric analysis of gel isolated proteins
Protein spots were excised aseptically from silver stained 2D gel
and destained for 10 min at room temperature (RT) using 500 ll
acetonitrile (ACN). Destained proteins were reduced in situ at
56 C for 30 min using DTT [10 mM in 100 mM ammonium bicar-
bonate (ABC)]. Gel pieces were chilled and thoroughly washed with
acetonitrile (ACN) followed by alkylation for 20 min in dark at RT
using iodoacetamide (55 mM in 100 mM ABC), thoroughly washed
with ABC for two times, dehydrated with ACN, and completely
dried in Maxi dry-lyo. Dry pieces were rehydrated in 20 ll trypsin
solution (20 ng/ll, Promega, Medison, WI, USA) in buffer (40 mM
ABC solution and 10% ACN) for 1 h at 4 C, and incubated at 37 C
for 16 h. The in-gel digests were vortexed and the supernatant
was transferred to fresh eppendorf tube. Supernatant was dried
under vacuum and rehydrated in 0.1% triﬂuoroacetic acid (TFA).
The samples were desalted and concentrated using Ziptips (Zip-
tipsSCX; Millipore, USA). The samples were spotted onto the target
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hydroxycinnamic acid matrix (10 mg/ml in 70% ACN solution and
30% of 0.1% TFA) and analyszd using MALDI-ToF, AXIMA-CFR Plus
spectrometer (Shimadzu/Kratos, Manchester, UK) equipped with
a 337-nm nitrogen laser. Analysis was done in a positive-ion-
detecting reﬂectron mode and the external calibration was carried
out using a mixture of calibration proteins standards (CAL-1 from
SIGMA, USA). Proteins in the tryptic fragments were analyzed
using the Mascot search engine (www.matrixscience.com) based
on the MSDB database.
2.7. Western blot analysis
Total proteins (25 lg) were isolated from whole seedlings sub-
jected to heat stress (45 C) for different durations and separated
on 8% SDS–PAGE [16] gel followed by transfer on to Hybond C
membrane as described earlier (Section 2.5). Membrane was incu-
bated in blocking buffer (200 mM Tris–HCl (pH 7.5), 1.4 M NaCl,
0.01% Tween 20, 5% skimmed milk) for 2 h at room temperature
(RT). After washing twice for 5 min each with TBST (200 mM
Tris–HCl (pH 7.5), 1.4 M NaCl, 0.01% Tween 20), followed by TBS
(200 mM Tris–HCl (pH 7.5), 1.4 M NaCl), the blot was probed with
anti-N. crassa Hsp80 polyclonal antibodies (1:1000) in blocking
buffer for 2 h at RT. Membrane was washed twice with TBST fol-
lowed by TBS for ﬁve min each at RT and probed with alkaline
phosphatase conjugated goat anti-rabbit IgG in TBS (1:1000) for
2 h. After washing twice for ﬁve min each with TBST followed by
TBS, the antigen–antibody complex was visualized using NBT/BCIP
(Sigma–Aldrich, USA) as a substrate.
3. Results and discussion
Denaturing-PAGE analysis of CaM-afﬁnity puriﬁed proteins re-
vealed the presence of several proteins, which bound to CaM
only in the presence of calcium (Fig. 1a). These proteins did
not bind to cyanogen bromide-activated Sepharose 4B in the
presence/or in the absence of calcium, which was used as a neg-
ative control. In order to conﬁrm the homogeneity of CaMBPs,
the puriﬁed proteins were resolved by 2D gel electrophoresis,
which revealed several proteins having same molecular weight
but different pI and vice versa (Fig. 1b). To further conﬁrm the
calcium-dependent CaM-binding property of the CaM-afﬁnity` 
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Fig. 1. Silver stained SDS–PAGE gel (A) of CaM-Sepharose 4B afﬁnity puriﬁed (lane
1) and crude proteins (lane 2) isolated from the 24 h-old sorghum seedlings after
exposure to heat stress (45 C) for 8 h (M: Marker). Resolution of CaM-Sepharose 4B
afﬁnity puriﬁed proteins (150 lg) by 2D-gel electrophoresis (B). The 27, 73 and
85 kDa were subjected to MS/MALDI-ToF analysis.puriﬁed proteins, CaM gel overlay assay, using biotinylated
CaM, was carried out after SDS–PAGE and denaturing 2D gel
electrophoresis. Three proteins, corresponding to 85 kDa,
73 kDa and 27 kDa, showed cross-reactivity to CaM (Fig. 2a
and b). These proteins were not detected in the presence of
EGTA, thus conﬁrming their Ca2+ dependent binding with CaM.
The failure to detect all CaM-afﬁnity puriﬁed proteins by CaM
gel overlay assay may be due to the possibility that some bind-
ing sites are irreversibly denatured by the SDS during SDS–PAGE,
whereas, the binding to CaM-Sepharose is carried out under na-
tive conditions. It is also possible that some of the proteins may
not be binding to CaM directly but are retained on the CaM-
afﬁnity as a part of multiprotein complex having a CaM-binding
protein as one of the components. The two proteins of 73 and
85 kDa were identiﬁed as homologs of Hsp70 and Hsp90, respec-
tively, after peptide mass ﬁngerprinting by MALDI-ToF MS,
whereas the identity of the 27 kDa band could not be ascer-
tained. The mass spectrum analysis showed 16% sequence cover-
age of Hsp90C protein from Chlamydomonas reinhardtii (Q66T67
CHLRE) which is considered quite high for proteins with such
a high molecular mass [18].
Since the regulation of Hsp70 and its binding with CaM in
plants is reported earlier [19], therefore, the present study was
focused on the 85 kDa protein (Hsp85). Further validation of
Hsp85 as a member of Hsp90 family was carried out using
anti-N. crassa Hsp80, which is reported to cross-react with plant
Hsp90 [11,12]. Western blot analysis showed strong cross-reac-
tivity of anti-N. crassa Hsp80 antibodies to sorghum Hsp85, thus
providing supportive evidence for this protein as a member of
Hsp90 family (Fig. 3). The present study, therefore, provides the
ﬁrst evidence that a member of Hsp90 family in plants shows
CaM-binding property. High molecular weight heat shock pro-
teins including Hsp90, comprise various diverse members, which
may vary in their speciﬁc function and sub-cellular localizations
[20]. Some members of Hsp90 are constitutively expressed while
others are heat stress-inducible [21]. Therefore, to determine the
effect of heat stress on regulation of Hsp85, the accumulation of
this protein was studied in response to heat shock in sorghum
seedlings subjected to heat stress. The 24 h-old seedlings werepI   3.5                                            10.0  
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Fig. 2. Calmodulin-binding gel overlay assay of puriﬁed CaM-binding proteins.
Puriﬁed CaMBPs were western blotted on to the Hybond C membrane after 1D (A)
and 2D SDS–PAGE (B) gel electrophoresis. The membranes were incubated with
biotinylated calmodulin in the presence of Ca2+ (A, lane 1) and in presence of EGTA
(A, lane 2), followed by probing with streptavidin-alkaline phosphate conjugate (M:
Marker). Calmodulin binding proteins were visualized using NBT/BCIP as substrate.
Parallel lanes were challenged with anti N.crassa Hsp80 antibodies (lane 3: puriﬁed
CaMBPs; lane 4: crude proteins after 24 h heat stress at 45 C). The 27, 73 and
85 kDa (depicted by arrows) show binding to Calmodulin on both 1D (A) and 2d (B)
gels.
Fig. 3. Immunoblot analysis of sorghum Hsp85 kDa. 25 lg of total proteins, isolated
from sorghum seedlings at different stages of development, were resolved on 8%
SDS–PAGE gel, transferred on to Hybond C membrane and probed with anti-N.
crassa Hsp80 polyclonal antibodies. Lane: 1, 24 h-old seedlings sown at 37 C at the
beginning of the treatment (0S); 24 h-old seedlings subjected to heat stress at 45 C
for 8 h (lane 6); 24 h (lane 7); 48 h (lane 8); 72 h (lane 9) with respective controls at
37 C (lanes 2–5). Densitometer scan shows the intensity of the 85 kDa (solid) and
87 kDa (blank) bands.
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ysis of total proteins showed that besides Hsp85, another protein
of 87 kDa (Hsp90) also cross-reacted with anti-N. crassa Hsp80
antibodies. The steady state levels of Hsp85 decreased with seed-
ling development, for at least upto 72 h under control conditions
(37 C), whereas imposition of heat stress (45 C) for up to 72 h
resulted in enhancement in Hsp85 levels. On the contrary, the
87 kDa protein was barely detectable in the 48 and 72 h-old
seedlings under control conditions but was induced in response
to heat shock. Two isoforms of Hsp90, namely a and b have been
reported in eukaryotes, with former being inducible and the lat-
ter being constitutively expressed [22]. It is, therefore, likely that
the 87 kDa protein may be the a isoform and 85 kDa protein may
be corresponding to b isoform. The cross-reactivity of anti-N.
crassa Hsp80 with the Hsp85 and Hsp87 may be attributed to
the high level of identity (up to 70%) at amino acid level between
the two. These results demonstrate that synthesis of Hsp85 in
the initial stages of seedling growth is developmentally regulated
and is also enhanced by heat stress. Since seedling growth and
vigor is highly sensitive to heat stress and sorghum being a crop
of dry and hot environments, therefore, accumulation of heat
shock proteins may be conferring thermotolerence to the devel-
oping seedlings [20].
Expression of Hsps due to transcriptional enhancement requires
activation of heat shock transcription factor (HSF), which under
normal conditions lack DNA binding activity. Two factors viz.,
stress-induced protein unfolding and the heat shock proteins play
a role in retaining the heat shock factor in an inactive state in the
absence of stress [23]. Earlier it was proposed [24] that under heat
shock conditions, higher level of CaM may be regulating the pro-
duction of heat shock proteins by binding to Hsp70, thus releasing
the heat shock factor for transcription of heat shock genes. This
hypothesis is, however, contrary to the ﬁndings of Zou et al. [23]
that as compared to Hsp70, Hsp90 is the major repressor of heat
shock factor. Based on our observations it is proposed that upon
heat shock, the CaM may be binding to Hsp90 (Hsp85 in sorghum)
instead of Hsp70 and thus dissociating it from heat shock factor.
The dissociated heat shock factor interacts with heat shock ele-
ments and thus initiates the transcription of Hsp genes. Further
studies to investigate the regulation of Hsp85 in sorghum by
CaM are in progress to elucidate the molecular mechanism under-
lying this interaction.Acknowledgements
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